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ABSTRACT
Magic illusions provide the perceptual and cognitive scientist with a toolbox of
experimental manipulations and testable hypotheses about the building blocks of
conscious experience. Here we studied several sleight-of-hand manipulations in the
performance of the classic “Cups and Balls” magic trick (where balls appear and
disappear inside upside-down opaque cups). We examined a version inspired by the
entertainment duo Penn & Teller, conducted with three opaque and subsequently
with three transparent cups. Magician Teller used his right hand to load (i.e.
introduce surreptitiously) a small ball inside each of two upside-down cups, one at
a time, while using his left hand to remove a diVerent ball from the upside-down
bottom of the cup. The sleight at the third cup involved one of six manipulations:
(a) standard maneuver, (b) standard maneuver without a third ball, (c) ball placed
onthetable,(d)balllifted,(e)balldroppedtotheﬂoor,and(f)ballstucktothecup.
Seven subjects watched the videos of the performances while reporting, via button
press, whenever balls were removed from the cups/table (button “1”) or placed
inside the cups/on the table (button “2”). Subjects’ perception was more accurate
with transparent than with opaque cups. Perceptual performance was worse for the
conditions where the ball was placed on the table, or stuck to the cup, than for the
standardmaneuver.Theconditioninwhichtheballwaslifteddisplacedthesubjects’
gaze position the most, whereas the condition in which there was no ball caused the
smallestgazedisplacement.Trainingimprovedthesubjects’perceptualperformance.
Occlusion of the magician’s face did not aVect the subjects’ perception, suggesting
that gaze misdirection does not play a strong role in the Cups and Balls illusion. Our
results have implications for how to optimize the performance of this classic magic
trick,andforthetypesofhandandobjectmotionthatmaximizemagicmisdirection.
Subjects Neuroscience
Keywords Sleight of hand, Magician, Social misdirection, Joint attention, Inattentional blindness
INTRODUCTION
Magic is one of the oldest art forms, and magicians have manipulated audiences’
perception and cognition for much longer than cognitive scientists have (Martinez-Conde
& Macknik, 2007; Martinez-Conde & Macknik, 2008; Macknik et al., 2008). Thus, classic
andcontemporarymagicillusionsprovidescientistswithmethodologicalreﬁnementsand
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Otero-Millan et al., 2011). The “Cups and Balls” is a sleight-of-hand magic trick that was
performed by Roman conjurers as far back as two thousand years ago (Christopher &
Christopher, 2006). The trick has many variations, but the most common one uses three
balls and three cups. The magician makes the balls pass through the bottom of cups, jump
from cup to cup, disappear from a cup and turn up elsewhere, turn into other objects,
and so on. The cups are usually opaque and the balls brightly colored. Here we examined
a version of this trick inspired by a routine performed by the entertainment duo Penn &
Teller,conductedwiththreeopaqueandsubsequentlywiththreetransparentcups.
Magician Teller devised this variation while ﬁddling with an empty water glass and
wadded-up paper napkins for balls, at a Midwestern diner (Macknik, Martinez-Conde &
Blakeslee, 2010). He turned the glass upside down and put a ball on top, then tilted the
glass so that the ball fell into his other hand. The falling ball was so compelling that it even
drew his own attention away from his other hand, which was deftly and automatically
loading a second ball under the glass (he was so well practiced that he no longer needed to
consciouslycontrolhishands).Infact,Tellerfoundthatthesleighthappenedsoquicklyhe
himself did not realize he had loaded the transparent cup. Teller further realized that all of
this took place despite the fact that he should have been able to see the secret ball as it was
loadedunderthecup.Itsimagewasonhisretina,butheneverthelessmisseditbecausehis
attentionwassoenthralledwiththefallingball.Hesurmisedthatifitworkedforhimwith
a transparent cup, it would work with an audience. The transparency of the cups would
make the trick all the more magical to the audience. Penn & Teller claim that their version
of the trick violates four rules of magic: don’t tell the audience how the trick is done, don’t
perform the same trick twice, don’t show the audience the secret preparation, and never
performcupsandballswithclearplasticcups.
HerewesetuptoinvestigatewhetherthefallingballinPenn&Teller’s“CupsandBalls”
generatedstrongermisdirection,ashypothesizedbyTeller,thanalternativemanipulations.
Teller used his right hand to load (i.e. introduce surreptitiously) a small ball inside each
of two upside-down cups, one at a time, while using his left hand to remove a diVerent
ball from the upside-down bottom of the cup. The third cup sleight involved one of
six manipulations: (a) standard maneuver (i.e. ball falling to the magicians’ hand),
(b)standardmaneuverwithout athirdball,(c)ballplacedonthe tablebeforegoingtothe
magician’s pocket, (d) ball lifted before going to the pocket, (e) ball dropped to the ﬂoor,
and (f) ball stuck to the cup. See Supplemental Movies S1-6. Seven subjects watched the
videosoftheperformanceswhilereporting,viabuttonpress,wheneverballswereremoved
fromthecups/table(button“1”)orplacedinsidethecups/onthetable(button“2”).
Subjects’ perception was more accurate with transparent than with opaque cups.
Perceptual performance was worse for the conditions where the ball was placed on the
table, or stuck to the cup, than for the standard maneuver. The condition in which the
ball was lifted displaced the subjects’ gaze position the most, whereas the condition in
which there was no ball caused the smallest gaze displacement. Thus, neither the standard
fallingballortheenhancedfallingballcondition(wheretheballfelltotheﬂoor)generated
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contrarytothemagician’sexpectation.
Training improved the subjects’ perceptual performance. Occlusion of the magician’s
facedidnotaVectthesubjects’perception,suggestingthatgazemisdirectiondoesnotplay
a strong role in the “Cups and Balls” illusion. Our results have implications for how to
optimize the performance of this classic magic trick, and for the types of hand and object
motionthatmaximizemagicmisdirection.
METHODS
Subjects
Seven naive subjects participated in the experiment. All participants had normal or
corrected-to-normal vision, and were paid $15 dollars for a single experimental session.
TheexperimentwascarriedoutundertheguidelinesoftheBarrowNeurologicalInstitute’s
Internal Review Board (protocol 04BN039), and written informed consent was obtained
fromeachparticipant.
Eye movement recordings
Duringtheexperiment,subjectsrestedtheirheadonachin/forehead-rest57cmawayfrom
a video monitor (Barco Reference Calibrator V), while free viewing the video clips. Their
eyemovementswerenon-invasivelyrecordedwithavideo-basedeyetracker(Eyelink1000,
SR Research), at 500 samples per second. From the eye tracker recordings, we identiﬁed
and removed blink periods as the portions of the recorded data where the pupil informa-
tion was missing. Furthermore, we removed the 200 ms before and after each identiﬁed
blinkperiod,toeliminateperiodsoftimeinwhichthepupilispartiallyoccluded.
We identiﬁed saccades using an objective algorithm (Engbert & Kliegl, 2003). To reduce
spurious positives due to noise, we analyzed only binocular saccades (i.e. saccades with
at least one sample of overlap in both eyes). Furthermore, we ensured that overshoot
correctionswerenotcountedassaccadesbyimposingaminimumintersaccadicintervalof
20ms(Otero-Millanetal.,2011).
Experimental design
Subjects sat in a dark, quiet room and watched video clips of 10 to 12 s each, in which
Teller performed diVerent variations of a “Cups and balls” magic routine. The videos
had a resolution of 720480 pixels and subtended an area of 2819 degrees of visual
angle inside the visual ﬁeld. The average luminance of the clips was 23 cd=m2, and their
contrast ratio (full on/full oV) was 128:1. Areas of the screen not occupied by the video
werewhite.
In each clip, Teller performed the manipulation sequentially in each of three diVerent
cups, located from left to right on the screen. The manipulation in the ﬁrst two cups was
identical in all the clips (“Standard” load, see below), whereas the routine used in the
third cup varied in each video clip (Fig. 1). After the third cup’s sleight was complete,
Teller individually lifted all three cups to show the balls hidden underneath them.
Subjects were instructed to report, as fast as possible, the removal and placing of each ball
Rieiro et al. (2013), PeerJ, DOI 10.7717/peerj.19 3/12Figure1 SummaryofthediVerentmagicroutinestestedintheexperiment. In “Standard”, the routine
performed on the third cup was identical to that performed for the previous two cups. In “No ball”, the
routine was again the same as in the ﬁrst two cups, but there was no ball initially placed on top of the cup.
In “Lift”, the ball initially on top of the third cup was lifted to approximately eye level before the cup was
loaded. In “Table”, the ball originally on top of the third cup was placed on the table before the cup was
loaded. In “Drop”, the ball was dropped out of the screen before the third cup was loaded. In “Stuck”, the
ball was attached to the top of the third cup. (Courtesy of NOVA scienceNOW/WGBH.)
assoonastheywereawareofthem,bypressingoneoftwodiVerentbuttonsonagamepad
withtheirleftandrightindexﬁngers(button“1”forremovals,button“2”forplacings,see
Fig.2).Aremovalwasdeﬁnedasthemomenteachballstoppedtouchingeitherthetableor
acup,andaplacingwasdeﬁnedaswheneachballmadephysicalcontactwithacuporthe
table.
ThediVerentroutinestestedwere:
(a) Standard (Supplemental Movie S1): the standard maneuver, identical to the one
performedintheﬁrsttwocups.
Rieiro et al. (2013), PeerJ, DOI 10.7717/peerj.19 4/12Figure 2 Example trial. Schematic of a single trial for the “Standard” routine. The spikes in the time
courses represent actual (dashed lines) and reported (solid lines) loads and removals. Blue symbolizes
removals and red placings.
(b) No ball (Supplemental Movie S2): similar to the “Standard” routine, but there was no
ballontopofthethirdcup.
(c) Lift (Supplemental Movie S3): the ball on top of the third cup was lifted to eye level
beforeloadingthecup.
(d) Table (Supplemental Movie S4): the top ball on the third cup was placed on the table
beforethecupwasloaded.
(e) Drop (Supplemental Movie S5): the top ball on the third cup was dropped to the ﬂoor
beforethecupwasloaded.
(f) Stuck(SupplementalMovieS6):similartothe“Drop”condition,buttheballwasstuck
tothecupandthereforeitdidnotfall.
For each of these diVerent routines, we tested other variables concerning the magician’s
performance. We tested “Clear cups”, in which the cups were transparent, versus “Opaque
cups”,inwhichtheywerenot.Wealsotested“Load”versus“Noload”conditions,inwhich
the third cup was either “loaded” (i.e. a ball was surreptitiously placed under it), or not.
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a static black rectangle, versus the unmodiﬁed “Face”-visible video clips. This yielded a
total of 48 conditions. Each subject saw each condition twice. The order of conditions was
blockedandrandomizedforeachsubject.Eachparticipantsawallthe48conditionsﬁrstin
randomorder,andthenthesameconditionsagaininanewrandomsequence.
Data analysis
We deﬁned a correct report of ball placing or removal as an appropriate button press in
the2000msimmediatelyfollowingtheﬁrstmovieframeinwhichtheballhadbeenplaced
or removed. We also coded correct reports when subject did not indicate a placing after
the magician performed a faked load. The reaction time of each report was measured in
theconditionsin which thecupwasloaded.For eachplacing,gazedistancewascalculated
as the average distance between the subjects’ gaze and the point where the cup sat on the
table, during the 400 ms immediately subsequent to, and following, the ﬁrst movie frame
inwhichtheloadoccurred(ortheequivalentframeinthe“Noload”condition).Wevaried
the duration of these two time windows and found that the results were similar. Subjects
were allowed to report ball placings during the reveal sequence at the end of each trial,
in which the magician lifted the cups to show their contents. We counted the number
of reports the subjects made during this period in each trial and considered them “late
ﬁndings”.
Statistical testing employed a logistic regression ﬁt to correct reports of placings and
removals, and a linear regression ﬁt to the reaction times and the gaze distances. The
diVerent magic routines, the load or no load of the third cup, the visibility or occlusion of
theface,andtheuseofclearoropaquecupswerefactorsinthemainanalyses.Theanalyses
to determine the evolution of responses and gaze positions throughout the experiment
usedonlythetrialnumberaspredictor.ThestatisticalmodelsdeterminedmaineVectsand
ﬁrst order interactions, when applicable. Only signiﬁcant eVects are reported in the text.
Pairwise comparisons across diVerent routines were tested with the Newman–Keuls post
hoc test.
RESULTS
Perceptual reports
Subjects reported the placing and removal of balls: they pressed “1” whenever a ball was
removed and “2” whenever a new ball was placed on the table or under a cup (Fig. 2; see
Methods for details). We analyzed subject performance using a logistic regression model
(Hosmer–Lemeshow statistic 2 D 2:02, area under ROC curve AUC D 0:77). Subjects’
performanceinreportingtheloadingofthethirdcupwasatchancelevelintheconditions
with opaque cups .p > 0:05/, and signiﬁcantly improved in the transparent cups trials,
when taking all the experimental trials into account .p < 10 7/ (Fig. 3A). Performance
was also better for simulated rather than real loads in the opaque cups .p < 10 6/, due
to skipped loading reports in the opaque cups condition, which impaired perceptual
performance for the real loads, but not for the simulated loads .p < 0:001/ (Fig. 3C).
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in reporting the load of the third cup across the diVerent routines, for the conditions with clear and
opaque cups. Performance was uniform across the diVerent routines for the opaque cups, and worse than
in the conditions with clear cups (logistic regression, p < 10 7). When the cups were clear, and the load
or no load of the cup was therefore visible, performance was worse for the “Table” and “Stuck” routines
(logistic regression, p < 0:05). (b) Performance was similar regardless of the face being visible or not.
(c)Performancewasbetterforthe“Noload”conditionwithopaquecups(logisticregression,p<0:001).
Dashed lines show the expected chance performance level. Error bars indicate the standard error from
the mean across subjects.
From the various sleight-of-hand maneuvers tested, the last-ball loading reports were
signiﬁcantly worse for the “Table” p < 0:05) and the “Stuck” .p < 0:05/ conditions than
for the “Standard” condition (Fig. 3A). Subjects’ performance was equivalent when the
magician’sfacewasvisibleandwhenitwasblocked(Fig.3B).
Subjects’ reaction times were comparable for all three cups, across the six diVerent
sleight-of-hand manipulations (for each individual condition and for the six conditions
togetherasawhole),andforvisiblevs.blockedfaces.
Gaze dynamics
We studied the subjects’ gaze dynamics during the viewing of each video clip (Fig. 4;
see Methods for details) using a linear regression model .R2 D 0:19/. Gaze distance to
the third cup was highest for the “Lift” condition .p < 0:0001/ and lowest for the “No
Rieiro et al. (2013), PeerJ, DOI 10.7717/peerj.19 7/12Figure4 Gazedisplacementfromthebottomofthecupatthetimeoftheload.(a)Gazedistanceacross
the diVerent routines. The “Lift” routine caused the biggest displacement from the bottom of the cup
(linear regression, p < 0:0001), while the “No ball” routine produced the smallest one (linear regression,
p < 0:0001). (b) Gaze displacement was similar for the “Clear cups” and “Opaque cups” conditions.
(c)Gazedisplacementwassimilarforthe“Face”and“Noface”conditions.Distanceisreportedindegrees
of visual angle, and error bars indicate the standard error from the mean across subjects.
ball” condition .p < 0:0001/, suggesting that the “Lift” manipulation caused the largest
gaze displacement (i.e. overt misdirection (Macknik et al., 2008)), whereas the “No ball”
manipulation produced the smallest gaze displacement/misdirection (possibly because in
theabsenceofaball,subjectsmayallocatestrongerattentiontothecup)(Fig.4A).
We used a diVerent linear regression model (R2 D 0:18/ to correlate gaze distance and
reaction times, and found that increased gaze distance resulted in higher reaction times
.p < 0:001/, with a signiﬁcant eVect of sleight-of-hand manipulation after controlling for
theeVectofgazedistance.p < 0:05/.
To study the potential eVect of saccadic suppression on the perceptual diVerences we
found across conditions, we estimated the saccade production rate in the same movie
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S1).Saccadeproductionwasequivalentacrossthetestedconditions.
Learning effects
Subjects’ performance improved over the course of the experiment (Fig. 5). In the opaque
cups conditions, the number of “late ﬁndings” (i.e. ball placing reports after the magician
showedthecontentsofthecups)decreasedwithtrialnumber(logisticregression,p < 0:01
Hosmer–Lemeshow statistic 2 D 17:23, area under ROC curve AUC D 0:92). In the
transparent cups conditions, there were few “late ﬁndings”, even in the initial trials
(Fig. 5A). In the clear cups conditions, correct loading reports for the third cup increased
as the experiment progressed (logistic regression, p < 0:001, Hosmer–Lemeshow statistic
2 D 15:02,areaunderROCcurveAUC D 0:73)(Fig.5B).Intheopaquecupconditions,
subjects did not have any information about the load of the last cup, and performed
at chance, therefore we found no apparent learning eVect, as expected. Reaction times
decreased (linear regression, p < 0:05, R2 D 0:34) (Fig. 5C) with trial number in the clear
cups conditions, but remained constant in the trials with opaque cups, indicating that
subjects were guessing during this condition. Gaze distance to the bottom of the third cup
decreasedwithtrialnumberfortransparentandopaquecups(linearregression,p < 0:01,
R2 D 0:31).
To ensure that this learning eVect did not aVect our other conclusions about the
experimental conditions, we conducted an additional analysis of subject performance
as a function of the ﬁrst viewing of each condition (Supplemental Figure S2). The results
are comparable to those in Fig. 3, indicating that the learning eVect did not aVect subject
performance as a function of condition. Further, because the sequence of conditions was
random and diVerent for each subject, a systematic learning eVect could not have biased
ourotherresults.
DISCUSSION
We investigated the potential contribution of several perceptual elements in Penn &
Teller’s version of the classic “Cups and balls” magic trick. We measured the perceptual
performance and gaze behavior of naive observers as Teller surreptitiously introduced
balls inside opaque and transparent upside down plastic cups. Contrary to the magician’s
intuition, a gravity-driven drop of a ball into his hand (or to the ﬂoor) caused less
misdirection,bothintermsofgazedisplacementandimpairedperception,thanalternative
manipulations such as lifting the ball, or attempting to drop a ball that is stuck to the
cup. Thus, perception of (the eVects of gravity on) falling objects does not enhance magic
misdirection,atleastintheperformanceofthisparticularsleight-of-handtrick.
The contradictionbetween our resultsand the magician’soriginal perception mayhave
been caused by one or more of several possible sources. One possibility is that performing
the trick in a new way may have drawn his attention towards the new element (the ball
dropping), and away from the common element (the loading of the cup). Successive,
non-controlled repetitions of the procedure could have given the impression of a worse
detection of the loading because of conﬁrmation bias. Our results conﬁrm that controlled
Rieiro et al. (2013), PeerJ, DOI 10.7717/peerj.19 9/12Figure 5 EVects of learning in perceptual reports and gaze distance. (a) The number of late ﬁndings
(placings reported after the magician shows what is under the cups) goes down with the trial number in
theconditionswiththeopaquecups,whileisverylowduringtheexperimentfortheconditionswithclear
cups. The correlation between the trial number and the number of late ﬁndings is statistically signiﬁcant
in the conditions with opaque cups (logistic regression, p < 0:01). (b) Probability of subjects reporting
correctly the loading of the third cup in the conditions (continued on next page...)
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with clear cups as a function of the trial number. The relationship is statistically signiﬁcant (logistic
regression, p < 0:001). (c) The reaction times of the subjects reporting the loading of the third cup (in
the conditions with clear cups) decreased with the number of trials (linear regression, p < 0:05). (d)
Similarly, the gaze distance (in degrees of visual angle) to the bottom of the cup decreased with the trial
number (linear regression, p < 0:01). Error bars indicate standard error from the mean across subjects.
experiments give valuable insight to reject (Cui et al., 2011) or accept (Otero-Millan et al.,
2011) intuitive judgments about attention and misdirection formulated by magicians.
Further, the three consecutive sleight-of-hand manipulations (actual or simulated
loads) were presented in isolation, rather than as part of a complete “Cups and balls”
magic routine (an arrangement of tricks organized in logical fashion as part of a magic
performance). Finally, because an actual magician (i.e. rather than a cartoon or computer
simulation)performedallmaneuvers,motionfeaturessuchastiming,duration,etc.could
notbeexactlyequatedacrossallexperimentalconditions.Futureresearchusingcomputer
simulations of the magician’s sleight-of-hand movements should be conducted with the
goal of replicating and generalizing the current ﬁndings to other sleights-of-hand and
magictricks.
Blocking or unblocking the magician’s face did not aVect the observers’ perception or
oculomotor behavior, suggesting that the “Cups and balls” magic trick does not rely on
social misdirection (for instance, due to the magician’s head or eye position/movements).
These results are surprising – the belief among magician’s that social misdirection,
generated by the face, is one of their most powerful tools, is pervasive – though they agree
with those reported by Cui et al. (2011) with a diVerent magic trick. Together they suggest
that social misdirection may diVerentially enhance, lessen, or fail to aVect various speciﬁc
magicillusions.
Also in agreement with Cui et al. (2011), we found signiﬁcant eVects of learning on the
perception and gaze behavior of initially naive observers – the more times spectators see a
trickthelesseVectivethemisdirection.Ourcombinedresultshaveimplicationsforhowto
optimize the performance of the “Cups and balls” magic trick, and for the types of hand
andobjectmotionthatmaximizemagicmisdirection.
ACKNOWLEDGEMENTS
We thank the NOVA scienceNOW production crew for providing the ﬁlming of the
videos in the experiment, Penn & Teller for providing us with their theater, and Teller
forperformingthemagictrickswestudied.
ADDITIONAL INFORMATION AND DECLARATIONS
Funding
This work was funded by awards from the Barrow Neurological Foundation to SLM and
SM-C, and from the National Science Foundation to SLM and SM-C. HR was a fellow of
Fundacion Ibercaja. The funders had no role in study design, data collection and analysis,
decisiontopublish,orpreparationofthemanuscript.
Rieiro et al. (2013), PeerJ, DOI 10.7717/peerj.19 11/12Grant Disclosures
Thefollowinggrantinformationwasdisclosedbytheauthors:
NationalScienceFoundation:0726113,0852636,1153786.
Competing Interests
SusanaMartinez-CondeandStephenL.MacknikareacademiceditorsforPeerJ.
Author Contributions
 Hector Rieiro performed the experiments, analyzed the data, contributed
reagents/materials/analysistools,wrotethepaper.
 Susana Martinez-Conde and Stephen L. Macknik conceived and designed the experi-
ments,wrotethepaper.
Human Ethics
The following information was supplied relating to ethical approvals (i.e. approving body
andanyreferencenumbers):
BarrowNeurologicalInstitute’sInternalReviewBoard.Protocol04BN039.
Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/
10.7717/peerj.19.
REFERENCES
Christopher M, Christopher M. 2006. The illustrated history of magic. New York: Carroll & Graf.
Cui J, Otero-Millan J, Macknik SL, Mac King, Martinez-Conde S. 2011. Social misdirection
fails to enhance a magic illusion. Frontiers in Human Neuroscience 5:103 DOI 10.3389/fn-
hum.2011.00103.
Engbert R, Kliegl R. 2003. Microsaccades uncover the orientation of covert attention. Vision
Research 43:1035–1045 DOI 10.1016/S0042-6989(03)00084-1.
Macknik SL, Mac King, Randi J, Robbins A, Teller Thompson J, Martinez-Conde S. 2008.
Attention and awareness in stage magic: turning tricks into research. Nature Reviews
Neuroscience 9:871–879 DOI 10.1038/nrn2473.
Macknik SL, Martinez-Conde S, Blakeslee S. 2010. Sleights of mind. New York: Henry Holt and
Company.
Martinez-Conde S, Macknik SL. 2007. Mind tricks. Nature 448:414 DOI 10.1038/448414a.
Martinez-Conde S, Macknik SL. 2008. Magic and the brain. Scientiﬁc American 229:72–79
DOI 10.1038/scientiﬁcamerican1208-72.
Otero-Millan J, Macknik SL, Robbins A, McCamy MB, Martinez-Conde S. 2011. Stronger
misdirection in curved than in straight motion. Frontiers in Human Neuroscience 5:133
DOI 10.3389/fnhum.2011.00133.
Rieiro et al. (2013), PeerJ, DOI 10.7717/peerj.19 12/12